Malaria constitutes an important global health problem, and the World Health Organization estimated that 212 million cases and 429 000 deaths from malaria occurred in 2015.^[@ref1]^ While those numbers are disappointingly high, the expanded application of antimalarial control measures was proven to reduce the incidence and mortality of malaria by 41% and 62%, respectively, between 2000 and 2015.^[@ref1]^ In addition to artemisinin-based combination therapies (ACT) which are crucial in treating malarial infections, efforts toward development of a transmission blocking vaccine (TBV) have gained much attention recently in view of their potential to accelerate malaria parasite elimination.^[@ref2]^ TBV is designed to elicit anti-parasite or anti-mosquito antibodies in humans with the expectation that the induced antibodies will block parasite development in the mosquito host when ingested with the malaria parasites.

Pfs25, a postfertilization mosquito-stage (zygotes and ookinetes) surface expressed malaria antigen, is one of the leading TBV candidates based on promising preclinical data; however, this promise has not been replicated in clinical studies. Multiple human phase 1 trials with Pfs25 containing TBVs have been conducted or are being conducted,^[@ref3]^ and have shown to induce antibodies with functional efficacy in vaccinees, as judged by the standard membrane-feeding assay (SMFA).^[@ref4]−[@ref6]^ However, a more potent TBV is likely to be required to show the efficacy in the field. Several heterologous expression systems ranging from *Escherichia coli*, yeast, baculovirus to plants have been examined for expression of Pfs25, but most of them either suffer from poor expression yields of soluble protein or are limited by difficulty in scaling up the protein production process.^[@ref7]−[@ref11]^ In addition to protein antigens, malarial glycosylphosphatidylinositol (GPI) linkers, which are post-translational modifications that help anchor proteins to the plasma membrane, have also been shown to be important pathogenesis factors that can induce inflammation and cause symptoms similar to acute onset of malarial infection in animal models.^[@ref12]−[@ref14]^ However, studies with malaria vaccines using parasite GPI have resulted in inconclusive results; depending on the target antigens and vaccine platforms, some studies have shown better immunogenicity in vaccines with GPI, but the opposite in other studies.^[@ref15]−[@ref19]^ Thus, even though significant progress has been made in the quest to develop safe and effective TBV(s), several limitations persist, which need to be overcome before their potential can be realized in a field setting.^[@ref2],[@ref6]^

In this study, in order to overcome limitations of protein expression and to investigate the role of GPI in a Pfs25-based vaccine, we used a proprietary *in vitro* XpressCF^+TM^ cell free protein synthesis (CFPS) expression system^[@ref20],[@ref21]^ to robustly and efficiently express Pfs25 (V^24^-T^193^), which harbors a C-terminal amber stop codon site for incorporation of a non-natural amino acid (nnAA), namely, *p*-azidomethyl phenylalanine (pAMF) followed by a 6x-histidine tag to facilitate purification ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Expression of Pfs25 (\>200 mg/L) was performed as shown elsewhere^[@ref22],[@ref23]^ and quantitatively estimated using incorporation of ^14^C-leucine into the translating polypeptide, which results in the generation of a single band on an autoradiogram ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b--c). Subsequently, Pfs25 was expressed, purified, and analyzed using SDS-PAGE gel, which showed \>95% purity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). Final yield of purified Pfs25 was 120--140 mg/L. Finally, SEC MALS analysis of the purified protein showed a monodisperse species with an estimated molecular mass of 19.4 ± 0.2 kDa ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e), which is in close agreement with its theoretical molecular mass of 19.7 kDa.

![Pfs25 expression, purification, and biophysical characterization. (a) Schematic showing the modular architecture of full length (FL) FL-Pfs25 (aa 1--217) with a N-terminal signal sequence (SS) that was used to generate recombinant Pfs25 protein (aa 24--193) with a C-terminal extension comprised of a linker (GGS) followed by a non-natural amino acid (nnAA) incorporation site before a 6x-histidine tag for purification. (b) The yield of Pfs25 in CFPS as estimated by incorporation of ^14^C-leucine into the translating polypeptide (inset shows the structure of the nnAA incorporated into recombinant Pfs25). (c) SDS-PAGE autoradiogram analysis of expression shows Pfs25 translation with ^14^C-leucine incorporation. (d) Safe Blue stained SDS-PAGE analysis of purified Pfs25. (e) SEC-MALS analysis of the Pfs25.](bi-2017-01099n_0001){#fig1}

Upon purification, the incorporation of the pAMF into Pfs25 was confirmed using an *in vitro* fluorescence labeling assay. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, 50 μM purified Pfs25 was incubated with increasing concentrations of rhodamine based fluorescent dye, namely, DBCO-TAMRA, at RT for 1 h to facilitate a copper free click chemistry reaction. SDS-PAGE analysis followed by fluorescence readout was used to confirm concentration dependent enhancement in conjugate efficiency (with 250 μM or higher amounts of DBCO-TAMRA leading to saturation of conjugation). Subsequent Safe Blue staining of the gel confirmed equal protein amounts were used in all reactions. Using this information, Pfs25 \[50 μM\] was incubated with 300 μM of DBCO derivatized core glycan of malarial GPI (DBCO-GPI, prepared by Corden Pharma) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) overnight at 4 °C to facilitate stoichiometric conjugation. To confirm this, excess \[5 mM\] DBCO-TAMRA dye was added to the reaction mixture, and the reactions were analyzed as in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The lack of fluorescence postincubation with DBCO-TAMRA confirms that the pAMF site in Pfs25 was completely conjugated to DBCO-GPI ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Finally, SEC-MALS analysis of Pfs25-GPI conjugate showed a homogeneously eluting monodisperse species with a molecular mass of 20 ± 0.4 kDa ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The increase in mass in comparison to Pfs25 alone (19.4 kDa) confirms the presence of GPI attached to the C-terminal pAMF site (theoretical molecular mass of GPI is ∼1.3 kDa).

![Pfs25 conjugation to DBCO-TAMRA and DBCO-GPI. (a) Pfs25 protein \[50 μM\] was incubated with increasing concentrations \[0--500 μM\] of DBCO-TAMRA dye at 25 °C for 2 h. Thereafter, 5 μL aliquots were analyzed using SDS-PAGE gel analysis. (b) Structure of malaria derived GPI linked to DBCO. (c) Pfs25-GPI or Pfs25 alone were incubated with a molar excess of DBCO-TAMRA to confirm stoichiometric conjugation of DBCO-GPI to pAMF sites in Pfs25. (d) SEC MALS analysis of the conjugated Pfs25-GPI (theoretical molecular mass of 20.7 kDa).](bi-2017-01099n_0002){#fig2}

To test for functional potency, mice were immunized with Pfs25 or Pfs25-GPI vaccine candidates (2 or 10 μg doses of Pfs25), and the immunogenicity was first evaluated by ELISA using an unconjugated Pfs25 protein. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, formulations with Pfs25-GPI induced significantly higher antibody levels, both at 2 and 10 μg/dose. We then assessed functionality of the induced anti-Pfs25 antibodies by SMFA. Total IgG was purified from a pooled serum for each group, and tested at 750 μg/mL ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b01099/suppl_file/bi7b01099_si_001.pdf), Assay \#1). While Pfs25(2 μg)-GPI and Pfs25(10 μg)-GPI IgGs showed significant inhibitions (100 and 98.7% inhibitions in oocyst density, % TRA, respectively; *P* \< 0.001 for both), Pfs25(2 μg) and Pfs25(10 μg) IgGs showed insignificant inhibitions (−10.3 and 31.2% TRA, respectively; *P* ≥ 0.36). The CV-induced IgGs showed almost complete transmission reduction in the initial assay; therefore, further testing of the two IgGs was conducted at 250 and 83.3 μg/mL ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b01099/suppl_file/bi7b01099_si_001.pdf), Assay \#2). When the ratio of mean oocyst count (right *y*-axis, on a log-scale) was plotted against square root of antibody level (*x*-axis), there was a linear dose response, indicating that the quality of antibodies was similar in both GPI containing groups ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![GPI induces higher level of functional anti-Pfs25 antibodies. (a) Anti-Pfs25 antibody levels (ELISA units) were determined on day 42. ELISA units of individual serum and geometric mean of group are shown. The levels of anti-Pfs25 antibodies between two groups (with or without GPI) were compared by a Mann--Whitney test, and the *p*-value is shown at each dose of Pfs25. (b) Purified IgGs were tested at indicated concentrations in two independent assays. Anti-Pfs25 ELISA units of each test condition are shown on a square root scale (*x*-axis), and the ratio of mean oocyst (mean oocyst density in control divided by mean in test) is plotted on a log-scale (right side of *y*-axis). The associated % inhibition (%TRA) value is shown on the left *y*-axis. The 100% TRA data point (Pfs25(2 μg)-GPI IgG tested at 750 μg/mL of total IgG, which was equivalent to 8253 ELISA units) is not shown in the figure, as the log of mean oocyst ratio is infinity.](bi-2017-01099n_0003){#fig3}

Pfs25 is one of the most promising TBV candidates from *Plasmodium falciparum.* In this study, we have outlined a novel, highly efficient, and unique methodology for generating (\>200 mg/L) and purifying recombinant Pfs25 protein that harbors a C-terminal nnAA, namely, pAMF, which can readily react with strained alkynes \[[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}\]. Additionally, we have also evaluated the adjuvant effect of malaria GPI to enhance immune response for generating functional anti-Pfs25 antibodies. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, copper free click chemistry was performed to site specifically conjugate DBCO derivatized malaria GPI to Pfs25 for generating a novel CV candidate, namely, Pfs25-GPI. Quite strikingly, not only did the immunization with Pfs25-GPI lead to higher anti-Pfs25 antibody titers, but also more importantly, only IgGs purified from Pfs25-GPI groups (and not Pfs25 group), significantly blocked oocyst development \[[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}\]. Thus, the current study for the first time shows that malaria GPI anchor can act as an adjuvant to significantly augment the transmission reducing immunity conferred by Pfs25 alone.

In 2016, WHO outlined aggressive goals to reduce the incidence of global malaria related cases and mortality rates by 40% by 2020 and to at least 90% by 2030.^[@ref1]^ RTS,S, the most advanced pre-erythrocytic stage vaccine, has shown encouraging results in phase 3 trials, but the vaccine efficacy against clinical malaria in 5--17 months children was 39% over four years of follow-up, for those participants receiving four doses of vaccine.^[@ref24]^ Therefore, controlling the spread of malaria-causing parasites using novel tools such as effective TBVs, offering higher and more durable efficacy, is still needed.^[@ref2]^ Apart from Pfs25, which is a postfertilization stage antigen, several prefertilization stage antigens, including Pfs230 and Pfs48/45, have also become important targets. However, expression and purification of soluble FL- or truncated fragments of Pfs230 or Pfs48/45 with correct conformation have been incredibly challenging.^[@ref25]−[@ref29]^ Future efforts directed toward making Pfs230- and/or Pfs48/45-based TBVs, using CFPS technology, could be immensely useful. Furthermore, CFPS for malaria specific antigens with nnAA incorporation could provide an attractive opportunity for making CV candidates with enhanced potency, as shown in this study.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.biochem.7b01099](http://pubs.acs.org/doi/abs/10.1021/acs.biochem.7b01099).A detailed description of the experimental procedures along with a table ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b01099/suppl_file/bi7b01099_si_001.pdf)) with details of SMFA results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.7b01099/suppl_file/bi7b01099_si_001.pdf))
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